This paper presents computational and experimental aerodynamic data of a power-law elliptic cross-section projectile at Mach numbers ranging from 3.0 to 5.0. The experimental data consisted of nine free-flight projectiles launched within an instrumented facility. The computational work was carried out via the Cobalt 60 code at the flight conditions of the experimental facility. The results indicate good agreement between the experimental and computational data determined in this effort as well as with engineering level predictions. The free-flight data was limited to small angles of attack so high fidelity determination of the aerodynamic stability coefficients and derivatives was not possible. Discrepancies were seen in the center of pressure data between the experimental and the computational data and require further investigation.
Introduction

Background
The use of highly maneuvering projectiles for increased lethality is being explored for future weapon systems in various scenarios (e.g., air-to-air, air-to-ground, etc.). 1 Additionally, non-axisymmetric projectiles have been shown to generate large amounts of lift than conventional circular projectiles. 2 However, high speed (Mach > 3.0) maneuvering projectiles has been extremely difficult to attain. Aside from the control system responsible for maneuvering the projectile, the aerodynamics of such configurations at high speeds is still complex due to strong cross-flow influences and flow separation. 3, 4, 5 The Flight Vehicles Integration Branch of the Air Force Research Laboratory Munitions Directorate (AFRL/MNAV) has been exploring technologies that specifically addresses issues for such system requirements. Maneuvering projectiles that travel at high speeds have been identified as a requirement for increased lethality against mobile targets.
The work documented herein is part of an international collaborative effort specifically dealing with high-speed weapon integration. Under this collaboration, complementary technical tasks are performed to provide a greater overall understanding of the technology. Comparisons between predictive and experimental data will highlight deficiencies and provide confidence in future system design studies.
Objectives
The overall objectives of the collaborative research effort are:
• To assess the application and relevance of highspeed maneuvering projectiles
• To develop and validate predictive methodologies for these configurations This paper will present only the aerodynamic results obtained from predictive methodology, free-flight ballistic range trials, and numerical simulations (based upon the flight conditions of the ballistic range trials). The sole configuration studied in this paper is a one-half power-law elliptic cross-section projectile.
Approach
A suitable configuration was selected to perform the aerodynamic analysis. The UK H3
2 was chosen as a baseline configuration since this configuration would fall within the capabilities of the aeroprediction methodology. Additionally, the H3 would be easily tested within the ballistics range and be straightforward for CFD modeling. Subscale ballistic range models were designed and tested within the Aeroballistics Research Facility (ARF) to velocities in excess of Mach 4. A concurrent CFD effort to model the projectile at the conditions of the ballistic range tests was also performed. The data was then compared and regions of agreement and disagreement were highlighted. The result of this study provides confidence in applying the CFD techniques to more advanced configurations.
Model Geometry
The "H3" configuration studied in this effort is depicted in Figure 1 . The H3 is a one-half powerlaw projectile with a 0.6 aspect elliptic cross-section. The cross-sectional variation of the body that is given by the one-half power law is (1) where k is a constant for constant θ and the x-axis origin is at the nose of the projectile. The H3 length is given as 540 mm and the major base diameter is 60 mm 2 . Note that the length, major base diameter, and elliptic ratio (given as 0.6) are all that is required to define this shape. 
Aerodynamic Predictions
Engineering level prediction capability for non-circular cross-section bodies is extremely limited. One of the only known codes for a variety of such configurations is the 1998 version of the US Naval Surface Weapons Center Aeroprediction Code (AP98) 6, 7 . Predictions of the H3 configuration were performed 8 and will be presented in the results section of this paper.
Free-Flight Testing
Facility
The tests were conducted in the US Air Force Aeroballistic Research Facility (ARF) 9 . This facility is operated and maintained by the Air Force Research Laboratory Munitions Directorate, Eglin AFB, FL. The ARF is an enclosed, instrumented, concrete structure used to examine the exterior ballistics of various free-flight projectiles. The 207-meter instrumented length of the range has a 16 m 2 square cross section for the first 69 meters and a 25 m 2 square cross section for the remaining length. The range has 131 locations available as instrumented stations of which 50 are currently used to house fully instrumented orthogonal shadowgraph stations. Besides the shadowgraph stations the facility contains one laser-lighted photographic station located in the uprange end of the instrumented section. The range is an atmospheric test facility where the temperature and the relative humidity are controlled to 20 ±1 °C and less than 55% respectively. A chronograph system provides the times for the projectile at each station. These times together with the spatial position and orientation obtained from the orthogonal photographs provide the basic trajectory data from which the aerodynamic coefficients are extracted.
Model Design
Free-flight testing requires a statically stable model to determine the projectile's aerodynamic coefficients and stability derivatives. 10 A homogeneous H3 projectile would have its center of gravity at approximately 67% of the body length 2 . It was determined through initial predictions 2, 8 that the center of pressure is at roughly 50-56% body length. It was then necessary to design a ballistic range model whose CG was ahead of the 50% body length position. Since there was some uncertainty about the exact location of the center of pressure for this configuration, a conservative desired location for the CG was selected at 47% body length.
Since the H3 configuration has more volume in the rear of the projectile, it was necessary to design a model with a heavy nose section and a lighter afterbody. The conventional means to adjust the center of gravity for a ballistic range model is to use a heavier material for the nose than for the base and this was done in these test models.
In order to get the center of gravity for the H3 configuration to 47%, a tungsten nose with an aluminum afterbody was required. Additionally, a hole was placed in the rear afterbody to further lighten the afterbody. The ballistic range model is depicted in Figure 2 . Here, the ballistic range model is a 25% scale version of the H3. Additionally, a sabot was required to house the model in the launch Figure 3 . The model's physical properties are given in Table 1 . 
Test Conditions
All test firings conducted at the ARF were done at atmospheric pressure.
As previously mentioned, the temperature and humidity within the ARF is controlled to about 21 o C and 50%, respectively. The launch velocities ranged from Mach 3.0 to just below 5.0. Attempts to increase the launch velocity resulted in damage to the model. This was due to the launch acceleration causing "setback" loads from the tungsten nose that buckled the aluminum afterbody.
Aerodynamic Parameter Identification
From each set of free flight motion data the aerodynamic force and moment coefficients have been extracted. The essential steps of the data reduction are: The complete process is described in Reference 11. The Comprehensive Automated Data Reduction and Analysis System (CADRA) 12 is used to read the film and calculate the trajectory. The trajectory matching process is accomplished using the Aeroballistic Research Facility Data Analysis System (ARFDAS) 11, 13 and is depicted graphically in Figure 4 .
ARFDAS incorporates a standard linear theory analysis 11, 13, 14 and a six-degree-of-freedom (6DOF) numerical integration technique 15 . The 6DOF integration routine incorporates the Maximum Likelihood Method (MLM) to match the theoretical trajectory to the experimentally measured trajectory. 16 The MLM is an iterative procedure that adjusts the aerodynamic coefficients to maximize a likelihood function. The use of this likelihood function eliminates the inherent assumption in leastsquares theory that the magnitude of the measurement noise must be consistent between dynamic parameters (irrespective of units).
In general, the aerodynamics can be nonlinear functions of the angle of attack, Mach number, and aerodynamic roll angle.
Each model fired in the ARF was initially analyzed separately, then combined in appropriate groups for simultaneous analysis using the multiple fit capability. This provides a common set of aerodynamics that match each of the separately measured position-attitude-time profiles. The multiple fit approach provides a more complete spectrum of angular and translational motion than would be available from any one trajectory considered separately. This increases the probability that the determined coefficients define the model's aerodynamics over the entire range of test conditions.
Numerical Analysis
Cobalt 60
Flow fields for the H3 configuration were computed using the Menter's Baseline Model with compressibility correction was used for all the current calculations based on its performance on the base flow test case.
The unstructured grids that were used for the present study were generated using VGRIDns 22 . In order to minimize the computational resources required, the grid generation strategy took advantage of flow-field symmetry. For the zero degree case, only one quarter of the geometry was gridded. For the angle of attack cases, the grid was mirrored using the blacksmith utility 23 to provide a grid that modeled half of the geometry, as shown in Figure 5 . The same process was applied for the beta cases. The quarter geometry grid contained 1.65 million cells. The half geometry grids contained double that amount. Prisms were used in the boundary layer, with an average first y + of 0.8 and a geometric stretching growth rate of 1.25. A close up of the base region is shown in Figure 6 . The far-field boundaries were located far enough from the surface of the model so that the entire bow-shock wave would be captured (~8.5 reference diameters). The upstream boundary was located approximately 1.4 reference diameters upstream of the nose. The downstream boundary was located far enough downstream from the base (~5.4 reference diameters) to recover to supersonic flow thereby preventing any reflections at the downstream boundary from affecting the solution upstream.
The inflow boundary conditions for the CFD simulations were taken to be representative of the ballistic range tests. A candidate flight condition was chosen at Mach 4.2 and comparable temperature and pressure values consistent with the ballistic range tests were specified.
To calculate values of force and moment derivatives versus alpha and beta, solutions were generated at 0 o , 1 o alpha and 1 o beta. The derivatives were then calculated by comparing the forces and moments at 0 o and 1 o . By symmetry, all forces and moments except the axial force were zero for 0 o . Axial and normal forces, number of supersonic cells, and average first y + values were monitored during the runs to check for convergence. The run was considered converged when these values changed by less than 1% over 500 iterations in a row. This required approximately 4000 iterations. A grid refinement study was not conducted. However sensitivity to grid resolution was explored for the forebody region only previously 24 . A coarser grid than the current one was seen to give grid independent solutions for the pressures at two axial locations. This is certainly not proof of a grid converged solution for the current study, especially in the base region.
Results & Discussions
Aerodynamic Data
For all coefficients and derivatives, the reference length is the major ellipse diameter (d maj ) of the base and the reference area is the cross section area of the model base (A=π*d maj *d min ). The moment reference point is about the center of gravity (46.6% from the nose). The complete set of aerodynamic data from the experiments and predictions are presented in Table 2 . For the Cobalt 60 data, the forces and moments were a result of surface integration of the pressure.
The zero yaw axial force coefficient (C Xo ) versus Mach number is shown in Figure 8 . The shaded symbols are the result of matching multiple flight trajectories to a common set of aerodynamics. Figure 8 shows good agreement between the experimental data and the predictions. The base drag is the dominant drag for a slender projectile such as the H3, so predicting the base pressure is crucial to accurately predicting the drag. For the Mach 2.5 base flow previously examined 21 , turbulence models without compressibility corrections were seen to under-predict the base pressure by 40-90%. Menter's Baseline model with compressibility corrections (the model used in the current study) predicted the base pressure to within 12%. The agreement in the current research, therefore, is probably in large part due to the proper choice of turbulence models. Figure 9 shows the normal force coefficient derivative in the pitch plane (C Zα ) versus Mach number and Figure 10 shows the yaw plane normal force coefficient derivative (C Yβ ) versus Mach number. There is immediately seen a fair amount of scatter in the experimentally-determined values for normal/yaw force derivative. This coefficient is Figure 7 . CFD results for zero alpha -surface colored by pressure, schlieren on the symmetry plane, and streamlines in the base region 7 sometimes difficult to measure accurately from freeflight data if there is not sufficient heaving motion of the projectile 10 , which was true in this case. Better agreement is seen with the multiple-fit data. The aeroprediction data (AP98) and CFD data agree very well in the Mach number range shown. Figure 11 contains the pitching moment coefficient derivative in the pitch plane (C mα ) as a function of Mach number. Similarly, the yaw plane moment coefficient derivative (C nβ ) versus Mach number is shown in Figure 12 . There is better consistency in this data vice the force data. Again, this is in general the situation where the angular data is measured well within the free-flight range.
It is seen from the moment data that the H3 configuration is marginally stable and that there is little variation with Mach number. In spite of this marginal stability, there was very little angular motion observed in the experimental data. As seen from the total angle of attack data ( 2 α ) in Table 2 , the angle of attack was only a few degrees at most (with the exception of shot 54). Predictions of the moment data agree very well with the observed data but predict slightly more moment stability in both the pitch and yaw planes. Figure 13 presents the center of pressure variation with Mach number for this configuration as observed from the data. The center of pressure location for the data of Figure 13 were found via equation (1) 10 which is given as:
Here it is seen that the experimental data has a center of pressure slightly ahead of the predicted values. As can be seen here, the test configuration was just slightly stable. The computational location for the center of pressure is slightly aft of both the free-flight data and the AP98 data.
Pitch damping (C mq ) and yaw damping (C nβ ) were not adequately determined from the free-flight data due to the small amplitude changes during each flight in the ARF. Trim asymmetries and roll induced side moments resulted in a very complex motion spectrum. A representative value for pitch damping is believed to be about -50. Figure 14 shows a direct shadowgraph of the H3 projectile obtained in the ARF. This shadowgraph is from shot 67 (Mach 3.32) and shows the shock structure and wake region in nice detail. Overall, the agreement between the integrated surface pressure coefficients of the numerical method (Cobalt 60 ) and engineering method (AP98) with the measurements obtained in the freeflight range is good. This builds confidence in these methods as useful predictive tools for this and similar configurations for preliminary design. To truly validate these tools for an in-depth detailed design study, a grid refinement study would need to be accomplished for the CFD. Additionally, higher amplitude motion would need to be induced in the free-flight projectiles to provide experimental data at higher angles of attack. This will allow better determination of the aerodynamic coefficients and stability derivatives. This will reduce the scatter seen in free-flight results and allow the nonlinear behavior of the coefficients to be determined.
AP98, an empirical based method, was highly efficient, taking only minutes to setup and run a case. AP98 was able to predict the aerodynamics of the H3 reasonably well. Cobalt 60 complements AP98 since it is able to handle complex geometries through the use of unstructured grids. Solutions take longer, however, with about one day to create the grid, and one day per solution. The advantage of using CFD methods is to predict the entire flowfield, which includes complex phenomena such as separated flow and shock/vortex interaction.
As encouraging as these results are, there was a discrepancy between the prediction methods and free-flight results for the center of pressure, which is the most crucial parameter to predict. A maneuvering projectile would want its center of gravity forward of the center of pressure for stability, but not so far forward as to reduce maneuverability. Grid refinement in the CFD may have reduced this discrepancy.
